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Abstract
A series of ruthenium catalysts bearing five-membered chelating NHC architectures that exhibit
very high Z-selectivity in a variety of metathesis reactions have recently been reported. It was
envisioned that catalysts possessing sixmembered chelates could similarly exhibit high Z-
selectivity and address limitations of this methodology. We thus prepared a number of new
catalysts and systematically investigated the impact of the NHC and anionic ligand on their
stereoselectivity. In standard metathesis assays, only catalysts containing six-membered chelated
NHC structures and η2-bound anionic ligands favored the Z-olefin products compared to
traditional ruthenium catalysts. In addition, substitution with bulkier N-aryl groups led to
improved Z-selectivity. The effect of ligand structure on stereoselectivity discovered in this study
will be useful in the future design of highly active and Z-selective ruthenium catalysts.
INTRODUCTION
Olefin metathesis is a convenient and powerful method for the construction of carbon-
carbon double bonds, and is widely used in a variety of fields including natural product
synthesis,1 biochemistry,2 green chemistry3 and polymer chemistry.4 Since its discovery in
the 1950’s, this methodology has developed at a fast pace due to the discovery of well-
defined transition metal catalysts and advances in catalyst efficiency.5 While molybdenum
and tungsten catalysts initially gained popularity due to their high activity,6 the discovery of
highly active and functional group tolerant ruthenium catalysts has enabled the wide-spread
use of this methodology in both academic laboratories and industry processes.7
Metathesis reactions generally proceed under thermodynamic control, meaning that most
catalysts predominantly provide E-olefin products.8 Recently, however, catalysts capable of
preferentially forming the Z-isomer have been discovered. 9, 10, 11 The first breakthrough in
this field was reported by the Hoveyda and Schrock groups.9a The reported
monoaryloxidepyrrolide (MAP) molybdenum and tungsten catalysts provided a very high
proportion of cis(Z)-olefin products in the homo-coupling of terminal olefins, and more
complicated metathesis reactions.9 This Z-selectivity was attributed to the difference in size
of the two axial ligands in relevant metallacyclobutane intermediates. Based on this same
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concept, Jensen and coworkers reported a ruthenium catalyst bearing a single bulky thiolate
ligand that also achieved high Z-selectivity in olefin homocoupling.10
We have reported a series of ruthenium-based catalysts with unique chelating N-heterocyclic
carbene (NHC) architectures (Figure 1).11 Cross metathesis (CM) products formed using
these catalysts had a significantly lower E/Z ratio compared to previous generations of
ruthenium catalysts. NHC-chelated structures derived from ruthenium alkylidene complexes
had been previously observed, however they were formed as decomposition products and
were not metathesis active.12 Catalysts 1a and 2a-c were synthesized via an intramolecular
carboxylate-driven C-H bond insertion and contained an intact alkylidene. Complexes
containing a five-membered chelate (2a-c) exhibited very high Z-selectivity in a variety of
metathesis reactions including the homocoupling of terminal olefins, CM, macrocyclic ring-
closing metathesis (RCM) and ring-opening metathesis polymerization (ROMP). This
methodology has started to be applied to the synthesis of insect pheromones and more
complicated natural products.13 Recent density functional theory (DFT) calculations for
catalysts 1a, 2a and 2b suggest that reactions involving these chelated catalysts proceed
under kinetic control through ‘side-bound’ ruthenacyclobutane intermediates. 14 It was
proposed that the chelating NHC positions the N-aryl group above the ruthenacyclobutane,
increasing the steric penalty for ruthenacycle substituents that point toward the N-aryl group
and thus leading to productive formation of Z-olefins.
In order to design highly efficient Z-selective catalysts containing six-membered chelating
architectures, a more thorough understanding of the influence of ligands on stereoselectivity
and activity is of paramount importance. In this report, we have prepared and
crystallographically characterized a number of new NHC-chelated and non-chelated
catalysts, and subsequently tested their activity in a variety of metathesis reactions. In this
way, we attempted to clarify the relationship between catalyst structure and stereoselectivity
with this class of catalysts.
RESULTS and DISCUSSION
Catalyst Syntheses
Modifications to the non-chelating N-aryl group of chelated catalysts were achieved by
straightforward ligand and catalyst synthesis (Figure 2). Complex 3, bearing an N-Mes, N’-
DIPP substituted NHC ligand, was reacted with silver pivalate, affording the bulkier NHC-
chelated catalyst 4 (Scheme 1).15 The salt metathesis and C-H activation was monitored
by 1H NMR and revealed that a dipivalate complex was initially formed and slowly
converted to catalyst 4 by intramolecular C-H activation of the benzylic position of the N-
Mes group. It should be noted that C-H activation of the N-DIPP group was not observed
over the course of the reaction and two possible explanations are envisioned: (1) the
benzylic hydrogen on the N-DIPP group is highly hindered and would lead to an unstable
tertiary carbon- metal bond, and (2) the methyl groups are not activated and the resulting 7-
membered chelating architecture is thermodynamically less stable.16 The crystal structure of
complex 4 confirmed formation of this 6-membered chelated structure (Figure 3) and
showed essentially the same structural features as catalyst 1a, except for the obvious change
from N-Mes to N-DIPP.11a
In the same manner as 1a, chelated catalysts bearing bulkier carboxylate ligands were
synthesized by the salt metathesis and C-H activation of catalyst 5a. Reaction of starting
complex 5a with Ag(OCOCMe2Ph) afforded 1b directly in high yield (Scheme 2). The
bulkier salts Ag(OCOCMePh2) and Ag(OCOCPh3) were also reacted with complex 5a to
afford the corresponding NHC-chelated catalysts, however decomposition upon silica gel
column chromatography prevented isolation of 1c and 1d. In order to synthesize the desired
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chelated species, a new synthetic route was devised (Scheme 2). Bistriflate complex 5b was
prepared by treating 5a with excess AgOTf,17 and subsequently reacted with sodium
carboxylates to provide catalysts 1c and 1d cleanly; these species could then be purified by a
simple solvent wash. As such, 5b is a versatile precursor for forming NHC chelated catalysts
under mild conditions.18 In each of these activation reactions, the dicarboxylate complexes
are formed as intermediates, followed by intramolecular C-H activation to yield the NHC-
chelated catalysts, with concomitant formation of the corresponding carboxylic acids.19 X-
ray crystal structures of catalysts 1b and 1d are shown in Figure 4 and display the same
structural features as complex 1a: a 6-membered chelating NHC ligand and an η2-bound
carboxylate ligand with the two oxygen atoms lying in the equatorial plane.
We had previously reported that the pivalate ligand of complex 2a, bearing a five-membered
chelate, could be replaced by a variety of anionic ligands in a facile manner,11c however,
attempts to exchange the anionic ligand of catalyst 1a were generally unsuccessful.20 We
were nonetheless able to synthesize an NHC-chelated catalyst substituted with a less bulky
chloride ligand. Reaction of complex 1a with one equivalent of HCl immediately afforded
catalyst 6 (Scheme 3). Interestingly, excess HCl caused unchelation of the NHC ligand and
provided the dichloride complex 5a. Presumably, the excess HCl protonated the chelating
methylene carbon and broke the ruthenium-carbon bond of 6 while keeping the alkylidene
intact. As a result, addition of exactly one equivalent of HCl is required to selectively form
complex 6.
In order to supplement our investigations of chelated catalysts, we investigated some non-
chelated analogs containing a single bulky anionic ligand.21 Recently, Jensen and coworkers
reported that a bulky thiolate ligated catalyst derived from catalyst 5a showed high cis-
selectivity in simple homocoupling reactions (Figure 5).10 It was thus proposed that a non-
chelated catalyst substituted with a single bulky carboxylate could potentially be Z-selective.
Initial attempts to synthesize 7a from 5a by ligand exchange with one equivalent of AgOPiv
were unsuccessful due to formation of a mixture of unreacted 5a and the bispivalate
complex, which subsequently converted to chelated catalyst 1a. As such, a new synthetic
route to this type of nonchelated species was required. Complex 5c was prepared by treating
5a with one equivalent of AgOTf.17 Complex 5c could then be reacted with sodium
carboxylates to yield 7a (R = Me) and 7d (R = Ph) in excellent yields (Scheme 4). It should
be noted that 7a and 7d did not undergo intramolecular C-H activation. Considering that C-
H activation and subsequent formation of a chelated structure was observed when the
bistriflate complex 5b was exposed to sodium carboxylates as shown in Scheme 1, it seems
that substitution with two carboxylate ligands is required for C-H activation to occur. It is
proposed that the congested environment around the ruthenium center in the dicarboxylate
intermediate positions one of the carboxylate ligands close enough to interact with the
benzylic position of the mesityl group to promote a C-H activation event. The X-ray crystal
structure of 7d is shown in Figure 6. In contrast to the aforementioned chelated catalysts, the
carboxylate ligand of 7d is coordinated to the ruthenium center in a monodentate fashion as
a formal 16e- complex, similar to catalyst 5a.
Ligand Effects on Metathesis Reactivity
The standard CM reaction of allylbenzene (8) and cis-1,4-diacetoxy-2-butene (9) was
carried with catalysts 1a-7d under using previously reported conditions.22 This reaction
provided a good general method to directly compare the catalysts under investigation (Table
1).
Catalyst 4, bearing the bulkier N-DIPP group, showed slightly higher conversion compared
to catalyst 1a, but their trends were quite similar (Figure 7). After reaching a plateau at 60–
Endo et al. Page 3
Organometallics. Author manuscript; available in PMC 2014 September 23.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
70% conversion, the E/Z ratios remained relatively unchanged over time (Figure 7(b)). It is
thought that this is due to the propensity of catalysts 1a and 4 to decompose under the
reaction conditions, preventing metathesis events from isomerizing the Z-olefins to the E-
isomer.23 Despite reaching similar conversions, differences in stereoselectivity were quite
obvious between these two catalysts. Catalyst 4 provided a noticeably lower E/Z ratio of
cross product 10 (49% E) compared to catalyst 1a (59% E) at ~ 60% conversion (Figure
7(b)). The higher Z-selectivity of 4 compared to 1a can be explained as follows: because the
ruthenacyclobutane forms side-bound and is thus located below the N-aryl group, the bulkier
N-DIPP group repels the substituent in the intermediate leading to E-olefin formation (R1 in
Figure 8) more strongly than the smaller N-Mes group of 1a, contributing to the higher Z-
selectivity (Figure 8).25
In order to further explore the effect of the bulkier N-aryl group on Z-selectivity, the
metathesis homocoupling of substrate 8 (Table 2), and macrocyclic RCM reactions (Table 3)
were attempted. As expected from the CM assay above, catalyst 4 exhibited higher Z-
selectivity compared to 1a in both assays. In addition, catalyst 4 was superior to 1a in terms
of selectivity for the desired homocoupled product 11 compared to the undesired
isomerization product 12. In contrast to catalyst 1a, catalyst 4 reached a much higher ratio of
11/12 and maintained a high value even when the conversion reached a plateau at 120
minutes. Since the isomerization results from decomposed catalyst, the greater stability of 4
appears to arise from the bulky N-DIPP group of 4.27
The effect of the anionic ligand was evaluated by comparing the activity of catalysts 1a-d
bearing increasingly bulkier carboxylate ligands in the standard CM reaction (Figure 9); the
steric effects of these anionic ligands can be visualized from the crystal structures of the
corresponding catalysts in Figure 4. As shown in Figure 9(a), all of the presented catalysts
showed similar trends in conversion, reaching a plateau at around 60% within 30–90
minutes, however the stereoselectivity varied dramatically depending on the identity of the
carboxylate ligand (Figure 9(b)). Proceeding from catalyst 1a to 1d, as the carboxylate
ligand becomes bulkier, the E/Z ratio increases. Taking into account the side-bound
intermediates proposed for 1a and 2a,14 plausible metallacyclobutane intermediates are
presented (Figure 10). It is envisioned that the bulkier carboxylate ligand (i.e. Ph3CCOO
(1d)) repels the metallacyclobutane substituents (R1 and R2 in Figure 10), destabilizing the
ruthenacyclobutane intermediate that leads to productive formation of Z-olefins (Figure
10(b)) when compared to the less bulky pivalate ligand (i.e. tBuCOO (1a), Figure 10(a)). In
the future design of Z-selective catalysts containing six-membered chelates, it is envisioned
that substitution with less bulky ligands capable of binding in an η2-fashion will lead to
improved catalysts.
Next, we briefly investigated the effects of substituting a chelated catalyst with a
monodentate chloride ligand. Despite containing a chelating architecture that normally
imparts improved Z-selectivity, catalyst 6 provided a high E/Z ratio of cross product 10 in
the standard CM assay (Table 1). The E/Z ratio was significantly higher than chelated
catalyst 1a, and more closely resembled that of non-chelated ruthenium metathesis catalysts
like 5a. One possible explanation for this is that CM reactions catalyzed by 6 could proceed
not via a side-bound intermediate (Figure 11(a)) as proposed for Z-selective catalysts 1a and
2a-b, but via a bottom-bound ruthenacyclobutane intermediate (Figure 11(b)) as proposed
for non-chelated catalysts.28 In the bottom-bound intermediate, the ruthenacyclobutane
substituents (R1 and R2 in Figure 11) would be located farther away from the NHC ligand,
meaning that there would be less steric influence on the substituents, seemingly providing
the thermodynamically preferred E-isomer. Given the lack of experimental and theoretic
evidence, this hypothesis is conjecture at this point.
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Previously, Jensen and coworkers reported that a non-chelated catalyst bearing a single
bulky thiolate ligand (Figure 5) catalyzed highly Z-selective olefin metathesis and proceeded
through a bottom-bound ruthenacyclobutane intermediate.10b Catalysts 7a and 7d bearing a
single bulky carboxylate ligand were therefore prepared and tested in the standard CM
assay. The trends in stereoselectivity for the non-chelated catalysts 7a and 7d were very
similar to that of catalyst 5a, favoring formation of the E-isomer (Figure 12(b)). Clearly, the
presence of a single carboxylate ligand does not lead to any observable Z-selectivity. It is
envisioned that CM reactions catalyzed by 7a and 7d proceed via bottom-bound
ruthenacyclobutane intermediates (Figure 13(b)), however the carboxylate ligand does not
seem bulky enough to force the ruthenacyclobutane substituents (R1 and R2 in Figure 13) in
the same direction to productively form Z-olefin products. Even if these catalysts proceeded
via side-bound intermediates (Figure 13(a)), because of free rotation around the Ru-C(NHC)
bond which is allowed in non-chelated structures, the N-Mes group of the NHC ligand
cannot effectively repel the ruthenacyclobutane substituents. Either way, the
thermodynamically favored E-isomer dominates in reactions catalyzed by 7a and 7d.
CONCLUSION
In summary, we have synthesized a series of catalysts containing six-membered chelating
architectures and their non-chelated analogs, and determined their performance in various
olefin metathesis assays. From these studies, new information has been gained about how
changes to the NHC and anionic ligand affect a catalyst’s Z-selectivity. In designing a
highly efficient Z-selective catalyst, understanding the roles of each ligand on a catalyst’s
reactivity and selectivity is very useful. It was shown that catalysts require I) an NHC-
chelated structure and II) an η2-bound carboxylate ligand to maintain high levels of Z-
selectivity. When the bidentate pivalate ligand on catalyst 1a was replaced with a
monodentate chloride (6), there was a marked decrease in Z-selectivity. Additionally, as
demonstrated with catalyst 4, a bulky N-aryl group enhances Z-selectivity due to increased
steric repulsion with ruthenacyclobutane substituents. As was previously shown, these
NHC-chelated structures lock rotation of the NHC ligand and force the N-aryl group above
the ruthenacyclobutane, allowing it to better influence it’s substituents and favoring
formation of a cis-disubstituted ruthenacycle in order to productively form Z-olefins. In
considering the difference in selectivity between catalysts 1a-1d bearing carboxylate ligands
of different sizes, a less bulky η2-ligand seems to promote higher Z-selectivity, presumably
because it enables more effective repulsion from the N-aryl group. In order to design highly
Z-selective catalysts with a six-membered chelated architecture, catalyst activity and
selectivity must be improved to compliment the family of five-membered chelated catalysts.
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Figure 1.
Ruthenium-based NHC-chelated catalysts for Z-selective olefin metathesis.
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Figure 2.
Proposed modifications to catalyst 1a. Mes = 2,4,6-trimethylphenyl, DIPP = 2,6-
diisopropylphenyl.
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Figure 3.
X-ray crystal structure of catalyst 4 is shown. Displacement ellipsoids are drawn at 50%
probability. For clarity, hydrogen atoms have been omitted. Selected bond length (Å) for 4:
C1-Ru1 1.931, C12-Ru1 2.094, C25-Ru1 1.842, O1-Ru1 2.305, O2-Ru1 2.360, O3-Ru1
2.235;
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Figure 4.
X-ray crystal structures of catalysts (a) 1a,11a (b) 1b and (c) 1d are shown. Displacement
ellipsoids are drawn at 50% probability. For clarity, hydrogen atoms have been omitted.
Selected bond length (Å) for 1a: C1-Ru1 1.945, C12-Ru1 2.095, C22-Ru1 1.840, O1-Ru1
2.296, O2-Ru1 2.332, O3-Ru1 2.230; for 1b: C1-Ru1 1.939, C12-Ru1 2.094, C22-Ru1
1.843, O1-Ru1 2.325, O2-Ru1 2.332, O3-Ru1 2.218; for 1d: C1-Ru1 1.926, C12-Ru1 2.102,
C22-Ru1 1.843, O1-Ru1 2.314, O2-Ru1 2.252, O3-Ru1 2.301.
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Figure 5.
A reported ruthenium catalyst bearing a bulky thiolate ligand.
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Figure 6.
X-ray crystal structure of catalyst 7d is shown. Displacement ellipsoids are drawn at 50%
probability. For clarity, hydrogen atoms have been omitted. Selected bond length (Å) for 7d:
C1-Ru1 1.975, C22-Ru1 1.830, Cl1-Ru1 2.341, O1-Ru1 2.261, O2-Ru1 2.021.
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Figure 7.
Plots for (a) conversion vs time and (b) E/Z ratio vs conversion for CM of 8 and 9. a
Conversion of 8 to 10 determined by GC analysis. b Molar ratio of E isomer and Z isomer of
10 determined by GC analysis.
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Figure 8.
Plausible side-bound intermediates that lead to E-olefins for catalysts (a) 1a and (b) 4.
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Figure 9.
Plots for (a) conversion vs time and (b) E/Z ratio vs conversion for CM of 8 and 9. a
Conversion of 8 to 10 determined by GC analysis. b Molar ratio of E isomer and Z isomer of
10 determined by GC analysis.
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Figure 10.
Plausible side-bound intermediates for (a) 1a and (b) 1d.
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Figure 11.
Possible side-bound intermediate (a) and bottom-bound intermediate (b) for 6.
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Figure 12.
Plots for (a) conversion vs time and (b) E/Z ratio vs conversion for CM of 8 and 9. a
Conversion of 8 to 10 determined by GC analysis. b Molar ratio of E isomer and Z isomer of
10 determined by GC analysis.
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Figure 13.
Possible (a) side-bound intermediate and (b) bottom-bound intermediate for 7a and 7d.
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Scheme 1.
Synthesis of NHC-chelated catalyst 4
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Scheme 2.
Syntheses of NHC-chelated catalysts 1a-d
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Scheme 3.
Synthesis of NHC-chelated catalyst 6
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Scheme 4.
Syntheses of non-chelated catalysts 7a and 7d
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